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1. Introduction
Polymer fibers provide a platform for a number of
diverse applications, including drug encapsulation,
biosensing, filtration, fuel cells, composites, and
nanoelectronics [1–3]. Among the advanced pro-
cessing techniques that have been used to produce
fibers from natural and synthetic polymers, the
electrospinning process provides the simplest
approach to prepare nano- or microscale diameter
fibers that are exceptionally long, uniform in shape,
and diverse in composition [4–6]. By utilizing elec-
trostatic interactions and elongation of the vis-
coelastic jet system, electrospinning can prepare
ultrafine fibers from a polymer solution or molten
sample adopting a simple one-step process. Numer-
ous polymers have been reported to be electrospun
into nanofibers for functional applications in the lit-
erature [1–6].
However, although the one-step ‘top-down’ electro-
spinning process is simple, there is a wide range of
parameters that influence the electrospinnability of
polymer solutions and properties of the generated
fibers. These parameters include solution properties
(concentration, viscosity, elasticity, conductivity,
and surface tension); systematic variables (flow
rate, electric potential at the capillary tip, and the
distance between the tip and the fiber collector);
and ambient conditions (temperature, humidity, and
air velocity) [7, 8]. Among these parameters, con-
centration is regarded as the most significant
parameter for developing smooth electrospinning
and high quality fibers [9, 10].
Fiber formation is primarily governed by the vis-
cosity of the polymer solution and strength of the
applied electric field. The viscosity of the polymer
solution depends on the concentration and structure
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© BME-PTof the polymer. Often there is an upper and lower
limit for polymer concentration during electrospin-
ning [11]. It is well known that the prerequisite for
fiber formation is the presence of sufficient chain-
entanglement density in the working solution as this
prevents the capillary breakup and provides
deformable networks. When the polymer concen-
tration is lower than the minimum, there is insuffi-
cient chain-entanglement for filament forming and
electrospinning will degenerate into electrospray-
ing. A number of studies have demonstrated this
phenomenon [12, 13]. However, little research has
been undertaken to determine the upper concentra-
tion limit for smooth electrospinning. Often it is not
possible to electrospin at high polymer concentra-
tions due to viscosity factors that influence solvent
levels and so affect the formation of a stable jet,
thereby clogging the flow of components required
for continuous electrospinning. If polymer solution
with a high concentration can be electrospun into
ultra-fine fibers, it would inevitably improve the
capability of electrospinning and broaden the appli-
cations of polymer fibers. Examples include: extend-
ing the range of electrospinnable concentrations of
polymer solutions; improving the productivity of
the electrospinning process; allowing preparation of
ultra-fine fibers with diameters between several
microns to 50 µm for biomedical applications such
as improving cell penetration effects of fiber-based
scaffolds; facilitating encapsulation of functional
materials in a core-sheath manner.
On the other hand, although significant progress
has been made in the electrospinning process over
the past few years and the resultant nanostructures
have been exploited in a wide range of applications,
this simple one-step top-down nanofiber fabricating
process still needs to be optimized so as to broaden
its filament-forming capability over a wide range of
materials and with higher nanofiber production
rates [14, 15].
Recently there is a growing need for fiber materials
that are flexible and provide opportunities for the
development of new electrospinning techniques
that include specialized nozzle systems, auxiliary
apparatus, guiding electrodes and functionalized
target electrodes [16, 17]. These electrospinning
processes include coaxial electrospinning, side-by-
side electrospinning, elevated temperature electro-
spinning, vibrational electrospinning, magneto-
electrospinning, siroelectrospinning and bubble
electrospinning, and electrospinning with an air-
blowing system, electrospinning in raised humidity
conditions, and electrospinning in vacuum condi-
tions for increasing the controllablity of the fila-
ment-forming process and also for improving the
quality of the resultant fibers [18–24]. Nonetheless,
seldom effort has been spent on overcoming and
understanding the limitations of high polymer con-
centration for smooth electrospinning. Although
there are several recent studies aimed at preventing
clogging during the conventional electrospinning
process [25, 26], they did not investigate the possi-
bility of electrospinning polymer solutions with
high concentrations that normally is impossible for
the conventional electrospinning process.
In the present study, a new modified coaxial elec-
trospinning process was developed to extend the
upper concentration limit of electrospinnable solu-
tions of polyvinylpyrrolidone (PVP), a hydrophilic
filament-forming polymer used in our laboratory
previously [27–29], that has a wide variety of appli-
cations in medicine, food, pharmacy, cosmetics and
industrial production [30]. The new process involves
synchronously pumping pure solvent concentrically
around the high concentration polymer solutions to
facilitate the electrospinning process.
2. Materials and methods
2.1. Materials 
PVP K60 (Mw = 360 000) was purchased from
Shanghai Yunhong Pharmaceutical Aids and Tech-
nology Co., Ltd. (Shanghai, China). Analytic grade
N, N-dimethylacetamide (DMAc) and anhydrous
ethanol was provided by the Sinopharm Chemical
Reagent Co., Ltd. Water was highly purified water.
2.2. Electrospinning process
Spinning solutions of PVP of concentrations 10, 30
and 35% w/v were prepared in anhydrous ethanol,
respectively. The solutions at concentration of 10
and 30% were used in conventional electrospin-
ning.
A schematic diagram and photographs of the modi-
fied coaxial electrospinning apparatus are shown in
Figure 1. Two syringe pumps (KDS100 and KDS200,
Cole-Parmer, Illinois, USA) were used for driving
the high concentration PVP solutions and the sur-
rounding DMAc solvent synchronously.
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Shanghai Sute Corp., China) was used at a fixed
voltage of 10 kV, and the fibers produced were col-
lected on aluminium foil at a pre-determined dis-
tance. The core and sheath flow rate were selected
as 1.0 and 0.1 ml/h respectively. All electrospinning
was carried out under ambient conditions (24±2°C
with relative humidity 54±4%).
Electrospinning was recorded using a digital video
recorder (maximum magnification16!", PowerShot
A640, Canon, Tokyo, Japan). The fibers were dried
for over 24 h at 40°C under vacuum (320 Pa) in a
DZF-6050 Electric Vacuum Drying Oven (Shang-
hai Laboratory Instrument Work Co. Ltd., Shang-
hai, China) to facilitate the removal of residual
organic solvent and moisture.
2.3. Characterization
Surface morphology of the electrospun fibers was
observed using an XP-700 polarized optical micro-
scope (PM, Shanghai Changfang Optical Instru-
ment Co., Ltd) or a JSM-5600LV scanning electron
microscope (SEM, Japan Electron Optics Labora-
tory Co. Ltd., Tokyo, Japan). Prior to SEM exami-
nation, samples were gold sputter-coated under
argon to render them electrically conductive. Pic-
tures were then taken at an excitation voltage of
10 kV. The average fiber diameter was determined
by measuring diameters of fibers at over 100 points
from SEM images or polarized microscopic images
using Image J software (National Institutes of
Health, USA).
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Figure 1.An apparatus for modified coaxial electrospinning. a) schematic diagram, b) pump, c) spinneret and collector.3. Results and discussion
3.1. Conventional electrospinning of 10 and
30% PVP solutions
When PVP solutions with a concentration of 30%
flow from the syringe to the needle tip in the
absence of an electric field, a semispherical droplet
forms at the needle tip due to the effect of the sur-
face tension of the solution (Figure 2a). The droplet
size becomes larger and longer with a continuous
supply of the polymer solution, and finally forms a
column, which hangs on the tip until the gravita-
tional force overcomes the surface tension, at which
                                                   Yu et al. – eXPRESS Polymer Letters Vol.5, No.8 (2011) 732–741
                                                                                                    735
Figure 2. Images of conventional electrospinning process and the resultant fibers. a) to e) 30% (w/v) PVP solutions being
electrospun in an open atmosphere, f) 10% (w/v) PVP solution being electrospun in an open atmosphere, g) and
h) polarized microscopic images of the resultant fibers from 30 and 10% PVP solutions, respectively.point the column then drips from the needle tip and
new droplet and column form. During the forma-
tion and growth of the column, solvent evaporation
naturally occurs due to the difference between the
concentration of the solvent in the solution and that
in the atmosphere. When the polymer solution was
subjected to an electrically charge of 10 kV, the
polymer droplet shape began to change from a
semi-spherical to a conical shape, and a jet was
formed because the electric force overcame the
shape-maintaining forces from surface tension (Fig-
ure 2b).
As time continued, a column formed and grew rap-
idly (Figure 2c and d). The high viscosity of PVP
solutions at high concentrations and the high-
volatility of the solvent ethanol promoted the quick
formation of an even more viscous gel-like skin on
the droplet surface. The applied electrical force was
not adequate to overcome the viscous drag force at
the droplet-air interface; meanwhile the core was
still fluid and driven by solution input from the
pump, which in turn led to the formation of a col-
umn and a gradual enlarging of the gel skin and the
volume of column. The fast evaporation of ethanol
was due to Joule heating (resulting from volumetric
heating when an electric field is applied across a
conducting medium such as a polymer solution
[31]) and the difference in concentration of ethanol
between the polymer solution and the open atmos-
phere.
As the column further grew, the Taylor cone moved
forward along the column ending up far from the tip
of spinneret. This gave the solvent a long time to
evaporate. Thus it was inevitable that the polymer
solution could no longer be ejected from the Taylor
cone, and hence the electrospinning jet was inter-
rupted (Figure 2e). After gravitational and elec-
tronic forces cleaned up the column, elctrospinning
could continue but only for a short time, after which
it stopped again. Electrospinning of the high con-
centration PVP solution could not be carried out
smoothly and continuously.
Shown in Figure 2g are electrospun fibers collected
at a distance of 25 cm from the top of spinning
head. The fibers obviously had very poor quality (a
wide ranging diameter distribution, and all fibers
bonded together) resulting from the instability of
electrospinning of high PVP concentration solu-
tions. Such clogging is frequently observed when
high-volatility solvents are used to prepare polymer
solutions [32, 33]. Clogging of 30% PVP solutions
was accelerated owing to the high viscosity of the
solution, and in contrast 10% PVP solutions could
be electrospun smoothly and continuously (Fig-
ure 2f), and the resultant nanofibers were homoge-
neous (Figure 2h).
3.2. Coaxial electrospinning with sheath
solvent
To attempt electrospinning of concentrated solu-
tions of PVP, we used a coaxial arrangement in
which the PVP solution was spun through a stain-
less steel capillary metal-hub needle (with an inner
and outer diameter of 1 and 1.32 mm respectively)
inserted into a silica gel tube (with an outer and
inner diameter of 4 and 2 mm respectively) (Fig-
ure 3a).
Sheath solvent, DMAc, was coaxially spun around
the PVP solution. Using this arrangement it was
possible to electrospin fibers from a concentrated
PVP solution of 35% (w/v), which would not be
possible when using a conventional electrospinning
apparatus. In the absence of sheath solvent a droplet
formed immediately when the PVP solution was
squeezed out of the needle (Figure 3b), which was
due to the evaporation of ethanol in the atmosphere,
and high viscoelasticity and surface tensions of the
solution.
When sheath solvent was supplied to surround the
high concentration PVP solution, a half ellipse
droplet was formed (Figure 3c). When a voltage of
10 kV was supplied, the droplet shape changed
from semi-spherical to conical and a jet was formed
stably under the electrical force (Figure 3d).
By using a DMAc flow rate that was only 10% (w/v)
of the PVP solution, the electrospinning of the high
concentration PVP solution was continuous and
smooth. The surrounding DMAc played the follow-
ing roles during the electrospinning process:
(1) lubricating the spinning head to avoid the poly-
mer clinging to it; (2) slowing the rate of solvent
evaporation and hence retarding the formation of a
highly viscous surface on the Taylor cone and the
thinning jet; (3) keeping the jet at a fluid state and
thus under an electrical drawing force for a longer
time to make the fiber diameters thinner.
It is well known that electrospinning involves the
use of an electrical charge to draw micro or nano
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characteristics of both electrospraying and conven-
tional solution dry spinning of fibers. In the present
electrospinning process, the formation of the Taylor
cone, and the thinning of the jet occurred when they
were surrounded by a solvent, instead of the ambi-
ent atmosphere in the conventional electrospinning
process. The formation of gel-like skin and clog-
ging of the spinning head that results from conven-
tional electrospinning of high concentration poly-
mer solutions could be retarded by preventing the
loss of polymer solution solvent at the droplet-air
and jet-air interface effectively, using an additional
solvent as sheath fluid.
3.3. Fibers collected at different positions
from the spinneret
Figure 4a to e shows optical images of electrospun
fibers that were prepared from 35% (w/v) PVP
solution using the modified coaxial electrospinning
process and collected at a distance of 5, 15, 18, 22
and 25 cm from the top of spinning head, respec-
tively. A rule (Figure 1) was used to indicate the
sampling place during the electrospinning process.
The fibers shown in Figure 4a were collected from
the straight thinning jet (5 cm), and had an esti-
mated diameter of about 93 µm. The fibers shown
in Figure 4b were collected just before the onset
point of the instability regions (15 cm); their diame-
ters were about 72 µm. Although there was a rela-
tively long distance (10 cm) between the two col-
lection points, a thinning effect on the fibers was
not obvious. The fibers shown in Figure 4c were
collected at on the onset point of whipping and
bending (18 cm); they had an estimated diameter of
29 µm. At this point, the jet was subject to a number
of electrically driven bending instabilities that
caused the fluid path to become a series of coiled
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Figure 3. Modified coaxial electrospinning. a) Arrangement of spinneret, b) and c) 35% (w/v) PVP droplets without and
with sheath DMAc, respectively, d) morphologies of a Taylor cone and jet formed in the electrical field using a
DMAc-to-PVP-solution flow rate ratio of 0.1.coils [34], resulting in the special fiber morphology
observed here.
All the fibers shown in Figure 4a, b and c were still
‘wet’. They had a flat morphology and were bonded
together at joint points, suggesting that the true
fiber diameter is a little smaller than the measured
data. In addition, unusual bubbles were observed on
the fibers shown in Figure 4b and c (inset). This
phenomenon can be attributed to evaporation of the
inner solvent during the thinning jet flight and
drawing processes. The presence of these bubbles
indicate that the surface of the jet fluids was differ-
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Figure 4. Polarized microscopic images of fibers collected at different positions from the spinning head (a) to e)), and the
observed change in fiber diameter with collection distance. a) to e) correspond to a distance of 5, 15, 18, 22 and
25 cm, respectively.ent from their core, and was still soft enough for the
inner solvent to penetrate out and evaporate during
the drawing process.
Figure 4f shows how collection distance affects
fiber diameter. In the thinning jet region of the plot
the fibers’ diameter decreased to only a small extent
mainly due to the drawing effect of the vertical
electric force and to evaporation of the solvents. At
longer collection distances, the fiber diameters
decreased dramatically to several micrometers after
the onset of the instability region. It is the electronic
repulsion from Coulombic force occurred on the
polymer jet surface that mainly expanded the fiber
circular cross-sections and created the significant
elongation of straight fibers before homogeneous
fiber solidification. The whipping and bending
processes were similar to those in the traditional
electrospinning process. The surrounding DMAc
had kept them at a fluid state for elongation in the
instability region. At even longer collection dis-
tances, the decrease of fiber diameters would slow
down or till stop mainly due to decrease of charge
densities, evaporation of most of the solvent and
gradual solidification of the fibers [34].
Figure 5a and b show SEM images of fibers col-
lected at a distance of 28 cm from the nozzle of the
spinneret. The fibers have a smooth surface, and
homogeneous structure with an average diameter of
2.02±0.25 µm (Figure 5c). Figure 5d shows SEM
images of fibers from 10% PVP solutions, which
has an even wider fiber diameter distribution
(140/650·100% = 22%) than fibers from the modi-
fied coaxial electrospinning process
(250/2020·100% = 12%). Coaxial electrospinning
with pure solvent as sheath fluid makes the process,
the formation of Taylor cone and the thinning
straight jet more stable than a single fluid electro-
spinning process conducted in an open atmosphere.
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Figure 5. SEM images of the ultra-fine fibers. a) and b) fibers prepared by the modified coaxial electrospinning from
35% (w/v) PVP solutions with DMAc as sheath fluid and a DMAc-to-PVP-solution flow rate ratio of 0.1, under
different magnifications, c) fiber diameter distribution, d) fibers prepared from 10% w/v PVP solutions using the
traditional single fluid electrospinning.4. Conclusions and outlooks
This study investigated a new process technology
modified from coaxial electrospinning for prepar-
ing ultrafine fibers from high concentration poly-
mer solutions. The modified process is character-
ized by a solvent surrounding a polymer solution in
the spinneret, and can be easily assembled by sim-
ply using a metal needle to penetrate through an
elastic silica gel tube and using two syringe pumps.
PVP, which has a normal electrospinnable concen-
tration of 10% in ethanol, was successfully spun
into ultrafine fibers from a solution with a concen-
tration of 35% (w/v) using the process developed
here with DMAc as the surrounding solvent. Polar-
ized microscopic observations revealed the process
of formation of ultrafine fibers. They verified that
the surrounding DMAc effectively facilitated the
electrospinning process through retarding the fast
evaporation of ethanol from the Taylor cone and the
straight thinning jet. The SEM results demonstrated
that the resultant fibers had smooth surface mor-
phology and high structural uniformity.
The modified coaxial electrospinning process
reported here can open a new window to tune the
polymer fibers obtained by the electrospinning and
improve its capability in processing polymer mate-
rials. It is obvious that electrospinning with a sur-
rounding solvent will bring out more and new pos-
sibilities than traditional electrospinning process in
air. For example, it may: (1) facilitate the electro-
spinning process through eliminating the clogging
of spinneret that is often taken place in the electro-
spinning of spinning solutions in a low boiling
point organic solvent; (2) extend the range of elec-
trospinnable concentrations of polymer solutions;
(3) improve the productivity of the electrospinning
process; (4) enable to prepare nanofibers from
polymers without electrospinnability owing to lack
of suitable solvents through coagulating in a sur-
rounding solvent environment; (5) enable to pre-
pare nanofibers from polymers without electro-
spinnability owing to dilute concentration through
extraction of the abundant solvent in the core solu-
tion using a poor solvent of the polymer as sheath
fluid.
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